Objective-To evaluate the effects of recent and long term occupational lead exposure on indicators of male reproductive health.
Abstract
Objective-To evaluate the effects of recent and long term occupational lead exposure on indicators of male reproductive health.
Methods-In a cross sectional study of male employees of a lead smelter (n = 2469), blood samples were obtained from 152 workers including 119 who also provided semen samples. Semen analysis and serum concentrations of testosterone, follicle stimulating hormone, and luteinising hormone were used as indicators of reproductive health. Semen and hormone variables were examined in relation to measures of current and long term body lead burden estimated from current blood lead concentrations and historical blood lead monitoring data. Results-For current blood lead concentration groups of < 15, 15-24, 25-39, > 40 ugldl, the geometric mean sperm concentrations were, respectively, 79-1, 56-5, 62-7, and 44-4 million cells/ml and geometric mean total sperm counts were 186, 153, 137, and 89 million cells (P for trend 0-04). Compared with workers with blood lead concentrations less than 15 ug/dl, workers with current blood lead concentrations of 40 ug/dl or more had an increased risk of below normal sperm concentration (odds ratio (OR) 8-2, 95% confidence interval (95% CI) 1-2-57.9) and total sperm count (OR 2-6, 95% CI 0-4-15-7), based on World Health Organisation standards. Independent of current lead exposure, sperm concentration, total sperm count, and total motile sperm count were inversely related to measures of long term lead exposure. No association was found between lead exposure and measures of sperm motility, sperm morphology, or serum concentrations of reproductive hormones. Conclusions-Blood lead concentrations below the currently accepted worker protection criteria seem to adversely affect spermatogenesis. Injury to the male and female reproductive systems is a recognized consequence of lead poisoning.' 2It is unclear, however, whether blood lead concentrations below current regulatory thresholds harm the reproductive system. The United States Occupational Safety and Health Administration3 requires that a person with a single blood lead measurement of 60 jig/dl or greater, or periodic measurements over 50 jug/dl leaves work on medical grounds. Whether these standards adequately protect reproductive health has implications for workers in occupations where lead exposure is common. 4 Lead has been linked to damage or dysfunction of the male reproductive system in both animal5 and human studies.5"'5 Occupational exposure to lead has been associated with impaired semen quality,8-1' an increased frequency of spontaneous abortion and other adverse outcomes of pregnancies fathered by workers exposed to lead,'2-14 and possible decreases in fertility rates.'5 Plausible mechanisms for impaired spermatogenesis are a direct effect on testicular function or an effect mediated by hormonal imbalances.7 9 16-18 The scientific literature associating occupational lead exposure with impaired reproductive health in men primarily consists of studies involving populations with blood lead concentrations in excess of 60 pg/dl.8-'0 Furthermore, no information is available on the effects of long term exposure to lead on male reproductive health.
This study was conducted to examine the effects of current and long term occupational lead exposures on semen quality and reproductive hormone concentrations.
Material and methods

STUDY SETTING
The study was conducted in June and July, 1993 at the Cominco smelter in Trail, British Columbia. Smelting of lead ores began in 1899 and primarily produces lead and zinc. Modifications of the smelting and refining processes, environmental controls, and the use of personal protective equipment have reduced exposure of the workers over time, but the potential for excessive exposure still exists. Individual blood lead concentrations as high as 90, 85, and 79 yg/dl were recorded in the workforce in 1970, 1980, and 1990, respectively. The mean blood lead concentrations from a sample of monitored workers were 42, 41, and 38 yg/dl, respectively.
STUDY DESIGN
The study was a cross sectional survey comparing variables of semen quality and concentrations of reproductive hormones in serum among men employed at the smelter. All male workers employed on 1 May, 1993 (n = 2123) and workers laid off in the preceding year (n = 346) were recruited by postal questionnaire. To encourage participation the study was discussed in meetings with small groups of workers, and a follow up postcard and two repeated mailings of the questionnaire were sent to non-responders. The questionnaire asked for data on reproductive history, sociodemographic characteristics, and personal habits, such as tobacco and alcohol use, and invited workers to donate blood and semen samples. SAMPLE Two venous blood samples were drawn by the company occupational health nurse. One sample was collected in an EDTA coated tube and refrigerated until analysed for blood lead with graphite furnace atomic absorption spectrophotometry.2 Serum was collected from the second sample for measurement of concentrations of testosterone, follicle stimulating hormone (FSH), and luteinising hormone (LH) by radioimmunoassay. Serum samples were stored at -20'C in the field and at -80'C thereafter. Aliquots of blood were frozen for analysis of other metals potentially toxic to the male reproductive system that may exist in the smelter environment, including zinc, cadmium, arsenic, and copper, by inductively coupled plasma mass spectrometry (ICP-MS).
Current lead burden was estimated from the measured blood lead concentrations. Information on past lead exposure was obtained from company work history and blood lead monitoring records for all study participants. The lead biomonitoring programme has relied on blood lead surveillance since 1980. This programme targets workers in the highest lead exposure areas, but reaches all work areas at the smelter. Each worker's mean blood lead concentration during the 10 years preceding the study was used as the primary index of long term lead exposure. Peak blood lead concentrations during the preceding 10 years and cumulative years of employment in the highest lead exposure jobs were also evaluated as measures of long term lead exposure. Summarised work history and blood lead monitoring data were available for all actively employed workers and were used to compare study participants with all employees of the smelter.
DATA ANALYSIS
The study participants were divided into four blood lead concentration categories, < 15, 15-24, 25-39, > 40 jig/dl, for both current and long term blood lead concentrations. The standard semen quality values did not follow a normal distribution and had increasing variability at the higher exposure concentrations. To describe these distributions and their relative variation, geometric means and geometric SDs were calculated for each of the blood lead concentration groups. A least squares regression model was fitted to the natural logarithm of each semen quality variable to analyse linear trends with current and long term blood lead concentrations.24 Covariates evaluated in these models were age, alcohol consumption, smoking, the presence of other metals in the blood, and abstinence before sample collection.
The prevalence of below normal values for each semen quality variable was determined by the WHO standard values'9 for evaluation of infertility. Prevalence odds ratios (OR) and associated 95% confidence intervals (95% CIs)25 were calculated to estimate the risk of having a below normal value for each semen variable. The importance of potentially confounding variables, including age, smoking, alcohol consumption, the concentrations of other metals in the blood, and abstinence before sample collection were evaluated with The workers who returned questionnaires were quite similar to all currently employed male workers with available work history records (n = 2121) for age, mean blood lead concentrations from surveillance in the previous six months, and current work area (table  1) . The semen donors, however, were more likely to have participated in the blood lead surveillance in the previous six months than workers with available work histories (66-4% v 46-2%). The semen donors were younger than the overall working population and were more likely to work in the smelter or the lead refinery.
The mean blood lead concentration for semen donors from the sample drawn for the study was 22-4 yg/dl with a range of 5 (detection limit) to 58 yg/dl. Table 2 shows the distribution of study participants by current blood lead concentration. The mean age was similar among the groups of differing blood lead concentrations, but the highest blood lead concentration group had, on average, more years of service at the smelter, a larger proportion of current smokers, and were more likely to consume 10 or more alcoholic drinks a week. A history of difficulty in producing a pregnancy and having sought medical advice for fertility problems were more common among men with current blood lead concentrations less than 25 yg/dl.
The geometric mean sperm concentration and total sperm count were inversely related to current blood lead concentration, with the largest effects detected among men with blood lead concentrations of 40 ig/dl or more ( (table 3) . Moreover, the OR for below WHO normal values for these variables were less than 1-0 in the groups exposed to lead (table 4). The lack of association between blood lead concentration and sperm motility was confirmed by the results of the computer assisted sperm analysis for motility (table 3) , although the amplitude of lateral head deflection did decrease with increasing blood lead concentrations.
When classified by long term exposure to lead, calculated from the mean blood lead concentrations of the preceding 10 years, 20, 28, 45, and 26 men had 10 year averages of < 15, 15-24, 25-39, and > 40 gg/dl, respectively. To evaluate the effects of long term lead Table 5 Geometric mean and geometric SD ofselected variables ofsemen quality by mean blood lead concentration of the preceding 10 years for workers with current blood lead concentration below 40
Blood lead concentration (ugdl) The interpretation of our results, with reference to previous research, must consider the inherent limitations and potential advantages of this study. Similar to most studies requiring voluntary donation of semen samples, the overall participation rate was low. Fewer than 40% of the eligible workers returned the questionnaire, and only 21% of the non-vasectomised men who returned the questionnaire volunteered to donate semen samples. However, workers who returned questionnaires were representative of all eligible subjects for age and blood lead concentrations, and semen donors and study participants who did not donate semen samples had similar demographic and exposure profiles. Semen sample donors were more likely to work in the lead smelter and were thus more often subject to blood lead surveillance.
Cross sectional studies of semen quality can be subject to selection bias if men with histories of reproductive difficulties are overrepresented among semen sample donors, especially if self selection is related to exposure level. In this study the self reported prevalence of periods of subfertility was somewhat higher among the semen donors than other nonvasectomised workers. The excess of subfertility, however, was limited to men with current blood lead concentrations below 25 pg/dl. Thus, a selection bias based on self perceived infertility would most likely result in underestimates of the true associations between lead exposure and semen quality.
Logistical considerations of this cross sectional study permitted the collection of only one semen and one blood sample from each participant. The validity of a semen analysis improves when repeated samples are taken, although a single measurement is generally adequate to characterise reliably the lowest and highest tails of the distributions. 27 The pulsatile release of testosterone, LH, and FSH requires sequential sampling over a period of several hours for diagnostic assessment in an individual man. Nevertheless, a single sample, preferably drawn at the same time of day, is considered adequate to detect a population shift in cross sectional studies.28 The samples drawn for semen donors were drawn in the morning, usually between 6 and 8 am. The samples for the other blood donors were scattered throughout the day. Nevertheless, the results of the hormone analysis were essentially the same when limited to semen donors.
A notable advantage of this study is the relative stability of the workforce and the availability of historical employment and blood lead monitoring data. Work history and blood lead data permitted comparisons of participants and non-participants and an evaluation of the effects of long term exposure on variables of semen quality, which until now has not been reported. Measurement of other metals allowed control of potential confounding from other reproductive toxicants that might be encountered in the same environment.
This study provides further evidence that spermatogenesis may be impaired when blood lead concentrations exceed 40 yg/dl. Of particular interest was the increased risk of below normal sperm concentrations and counts which were related to subfertility. In contrast to previous research,8 10 we found no relation between lead exposure and sperm morphology and motility. It is noteworthy, however, that in the studies reporting an association between lead exposure and sperm motility and morphology, the blood lead concentrations of the lowest exposure groups were similar to those of the highest exposure group in this study.
Moderate increases in serum FSH and LH17 18 and decreased serum testosterone '7 have been attributed, albeit inconsistently,9 16 to occupational exposure to lead. A low serum testosterone or increases in the concentrations of the gonadotropins would indicate a hormonal mechanism for the suppression of sperm production found. The lack of such an association implies that lead directly affects testicular function.
The results of this study show that measurable impairment of spermatogenesis is associated with current and long term blood lead concentrations below those requiring a man to leave work for medical reasons, as specified by the United States Occupational Safety and Health Administration.3 Assessment of the ultimate consequences of moderate lead concentrations gg/dl) on fertility and perinatal outcomes will require in depth follow up studies of cohorts with occupational and environmental exposures in that range.
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